Introduction
Genetic aberration and the consequential activation of oncogenes are key to cancer development. Chromosomal translocation is known as the major event in oncogene activation (Futreal et al., 2004) . However, the prevalence of alternate mechanisms, such as DNA amplification, have not been extensively quantified, even though oncogenes have been found in: (i) cytogenetically visible double minutes, which are circular, extrachromosomal elements, a few megabases in size that replicate autonomously, (ii) homogenous staining regions, which are large regions of tandem repeats within a chromosome, thought to be formed by repeated breakagefusion-bridge cycles and (iii) discrete insertions distributed throughout the genome (Albertson, 2006) . Surprisingly, relatively few oncogenes, when compared to chromosome translocation, have been shown to undergo amplification as mechanism of activation during cancer development. In fact, a recent version (January 22, 2007) of a census of genes causally implicated in cancer (cancer genes) originally described by Futreal et al. (2004) reported only seven oncogenes meeting their criteria as being recurrently amplified in the development of human cancers: AKT2 in ovarian cancer, ERBB2 in breast and ovarian cancer, MYCL1 in small cell lung cancer, MYCN in neuroblastoma, REL in Hodgkin lymphoma, epidermal growth factor receptor (EGFR) in glioma and non-small cell lung cancer (NSCLC), and MYC in numerous cancers. We propose that the low incidence of oncogenes activated by amplification may be attributed to the failure of detection, rather than governed by tumor biology. Unlike copy number gains, which are generated by aneueploidy or unbalanced translocations and affect large chromosomal regions, amplifications are traditionally defined as the increase of chromosome segments 0.5-10 megabases (Mb) in size . The small size of amplicons may escape detection by conventional cytogenetic methods; consequently, the contribution of DNA amplification to the oncogenic process may be grossly underestimated. With advances in high-resolution whole-genome-profiling technologies (Tonon et al., 2005; Garnis et al., 2006) , the complexity of the cancer genome is becoming evident, and the prevalence of DNA amplification as a mechanism in the activation of oncogenes needs to be re-evaluated.
In this study, we determined the precise boundaries of amplified chromosomal segments in 104 cancer cell lines from multiple tissues of origin and deduced novel regions of the genome, which are hotspots for genomic amplification. These hotspots were then analysed for their association with genes involved in tumorigenesis and fragile sites. We assessed the functional impact of a subset of the identified hotspots in a panel of NSCLC cell lines and tumors to determine their effect on gene transcription levels and their contribution to the activation of cellular pathways potentially involved in lung tumorigenesis.
Results

Identification of discrete amplicons in cancer genomes
Twenty-four thousand eight hundred and ninety-two genomic loci were assessed for each of the 104 cell lines, scanning all autosomes at a resolution of B50 kb . Altogether, 3431 amplicons were detected across all samples (see Supplementary Methods) with an average size of 0.68 Mb and a median of 0.33 Mb (Table 1, Supplementary Table 1 ). The number of amplicons per genome varied from 0 to 199 with an average of 33. Hematological malignancies (leukemia and lymphomas) had B10 amplicons, whereas epithelial cancers had an average of 36.
Unexpected frequent amplification of known oncogenes
The most recent version (January 22, 2007) of the Cancer Gene Consensus of the Cancer Genome Project at the Sanger Institute (Futreal et al., 2004) contains 363 cancer genes whose aberration are causal in the development of specific cancers. Of these, 70 are tumor suppressor genes, 292 are oncogenes and one can act as both. Only seven (2%) of these oncogenes were shown to be predominately activated by amplification compared to 268 (92%), which are activated mainly by chromosomal translocation. Our data showed amplification at these loci: MYC (28/104), ERBB2 (10/104), EGFR (7/104), MYCL1 (6/104), AKT2 (3/104) and MYCN (1/104). REL amplification was not detected in our dataset, as Hodgkin Lymphoma, in which this gene is amplified, is not represented in our study.
Unexpectedly, 145 of the 292 oncogenes (B50%) showed amplification, with 78 oncogenes (27%) at X2 times (Supplementary Table 2 ). Of the genes amplified in X5 cell lines, only MYC, ERBB2, EGFR and MYCL1 have been reported. The frequent amplification of SS18L1, NTRK1 and PRDM16 are novel findings, as translocation was the known mechanism. Indeed, numerous oncogenes, which are primarily activated by translocation, were commonly amplified in the sample set (Supplementary Table 3 ). The number of oncogenes amplified per genome also varied with an average of 3.5 genes. Remarkably, the genomes of NSCLC HCC1195 (Supplementary Figure 1) and SCLC line H526, each harbor 22 amplified oncogenes, whereas 25 of the lines had no known oncogenes amplified (Supplementary Table 4 ).
Novel hotspots of frequent genomic amplification in cancer genomes
The high incidence of oncogene amplification per genome suggested that this is a common mechanism of gene activation. Therefore, the discovery of genomic regions that undergo frequent copy number amplification may lead to the identification of novel oncogenes. The genomic coordinates of all amplicons were determined and aligned for all 104 samples (Figure 1 ). DNA segments amplified X5 times were stringently considered as hotspots; they are found in B5% of samples (see Supplementary Methods). In total, 135 hotspots covering 3% of genome were identified with an average size of 0.67 Mb. Regions of genomic amplification were distributed on all autosomes except chromosome 4, and in all tumor types analysed (Supplementary Table 5 ). Amplicons are most frequently localized to 1q21-23, 5p15, 7p13-11, 8q22-24, 11q13, 14q12-21, 14q32, 17q12-21 and 20q13 . A total of 538 unique genes were contained within the hotspots (Supplementary Table 6 ) (see Supplementary Methods). Interestingly, the majority of these hotspots did not contain the 292 known oncogenes. There was no association between amplification hotspots and known fragile sites in the human genome based on w 2 test at the chromosome band level, even though colocalization does exist, for example, the three fragile sites on 8q. Figure 1 summaries the location of the 86 common fragile sites assayed relative to hotspots of amplification.
Novel amplification hotspots contain putative oncogenes Remarkably, 27 of the top 100 most frequently amplified genes have been previously described to be overexpressed in various cancers (Supplementary Table  7 ), but aside from MYC and ERRB2, the mechanism leading to overexpression of these genes was largely unknown. To further explore the properties of the amplified genes, functional and biological characteristics were evaluated through the use of Ingenuity Pathways Analysis (Ingenuity Systems, see (see Supplementary Methods). Functional analysis identified a significant association between the amplified genes with genes involved in cancer (P ¼ 6.67EÀ06-3.03EÀ02; the two significance values refer to a range of specific subfunctions) and other diseases (Supplementary Tables 8  and 9 ). Furthermore, canonical pathway analysis was used to determine the main signaling pathways in which the amplified genes were involved (Supplementary Table 10 ). Neuregulin Signaling (P ¼ 1.12EÀ02), also known as EGFR-family-signaling, was the most significantly affected with GRB7, SHC1, SRC, EGFR, ERBB2 and AKT1 comprising the amplified genes.
Impact of amplification on gene expression levels
To understand the effects of amplification on gene regulation and transcription, we focused on one type of cancer. Parallel gene expression profiles and array comparative genomic hybridization (CGH) data were integrated for 27 NSCLC cell lines. The expression levels for genes within amplification hotspots (displayed in Supplementary Figure 2) were compared between samples with amplification and those with neutral copy number status using the Mann-Whitney U test (see Supplementary Methods). In total, 221 out of 442 of the amplified genes were expressed at significantly higher levels (Pp0.05) with increased gene dosage ( Figure 2 and Supplementary Table 11 ). For the majority of these genes, amplification is a novel mechanism for activation, although the expression levels of a subset, such as MYC, EGFR, CDK4, MAFB and MET, are known to be affected by increase in gene dosage.
Multiple components of the EGFR-family-signaling pathway are activated by DNA amplification in NSCLC cell lines and clinical tumors To relate the genes activated by amplification in NSCLC to biological functions, Functional and Canonical Pathway Analysis were performed using IPA software (Supplementary Tables 12 and 13 ). EGFR-familysignaling was the most affected canonical pathway (P ¼ 6.03E-03) with five genes: AKT1, CDK5, EGFR, MYC and SHC1 amplified and overexpressed in the 27 NSCLCs (Table 2, Figure 2 ). The amplification and subsequent overexpression of AKT1, CDK5 and SHC1 are novel findings in NSCLC. Figure 3 displays the interaction of these genes during EGFR-family-signaling and the resulting downstream effects of the activation of this pathway, which includes cell proliferation and survival. Interestingly, nearly 60% of the cell lines analysed had one or more components of the EGFR family pathway overexpressed as a result of amplification. The alteration of EGFR and MYC alone Amplification hotspots in cancer genomes WW Lockwood et al could not explain pathway disruption in all cases as B31% (5/16) of samples with activated downstream components harbored amplification of one or more of CDK5, SHC1 or AKT1 independent of EGFR and MYC. Furthermore, by breaking the NSCLC lines down into their histological subtypes, it was discovered that 14 out of 20 (70%) adenocarcinoma sampleswhereas no squamous and only one large cell carcinoma samples-had altered components, suggesting that the disruption of this pathway is prevalent in the adenocarcinoma subtype of lung cancer.
To further validate our results, quantitative real-time PCR was performed on select genes, AKT1, CDK5 and SHC1. First, expression levels for these genes were determined using the DDC t method and compared between cell lines and normal lung tissue to confirm their overexpression. Relative to the normal lung reference, AKT1 was 10.49-fold overexpressed in samples with gene amplification compared to 1.94-fold overexpression in NSCLC cells with neutral copy number status for this gene (Supplementary Figure 3) . Likewise, CDK5 (Supplementary Figure 4) and SHC1 ( Figure 4 ) also showed higher expression with increase gene dosage, suggesting a strong correlation of gene dosage and transcription levels for these genes. Expression changes held true in clinical specimens as clinical adenocarcinoma samples frequently showed overexpression of AKT1, CDK5 and SHC1 compared to their corresponding matched normal lung tissues (Supplementary Figure 3c , 4c and Figure 4c , respectively). Since these genes were hypothesized to be overexpressed due to DNA amplification, a one-tailed Wilcoxon sign-rank test was used to determine whether overexpression of these genes was significant in the set of matched tumor and normal samples. Indeed, each gene was significantly overexpressed in the tumors compared to their matched normal (Po0.05), confirming the results from the cell lines (qPCR data is provide in Supplementary Tables 14 and 15 ).
Discussion
Oncogene activation is traditionally associated with translocation events. We hypothesized that DNA amplification is a prevalent, but underestimated, and discovered that not only is the incidence of oncogene amplification much greater than previously believed, but specific regions of the genome are hotspots for segmental amplification in cancer cells.
Amplification as a major mechanism of oncogene activation The activation of oncogenes is a hallmark of tumor development. Cancer cells frequently display chromosome rearrangements resulting in the deregulation of gene expression, as well as in the fusion of genes raising oncogenic activity. As such, the majority of known oncogenes, including 92% of those analysed in this study, have been discovered through their involvement in disease-specific chromosomal translocations (Futreal et al., 2004) . Thus, the high incidence of amplification we report suggests that oncogenes may have multiple mechanisms of activation, with the increase in gene dosage being a prominent mechanism of activation. This was particularly evident in the fact that genes, which have been shown to be activated primarily by translocation, were frequently amplified (Supplementary Table 3 ). The majority of these genes has not been shown to be activated by amplification previously, and as such, this data represent a novel finding. (Roccato et al., 2005) . Fusion with TPR, TPM3 or TFG results in constitutive tyrosine kinase activity (Pierotti et al., 1996) . Remarkably, we also detected NTRK1 copy number increased in lung (HCC366, HCC1833, HCC1195, H82, H526, H2122 and H187) and breast (ZR7530) cancer genomes, suggesting that amplification and subsequent overexpression may be an alternate mechanism of activation.
Existence of an amplifier phenotype
There is evidence suggesting that some cancer cells have a greater propensity to undergo DNA amplification than others and that there is an underlying genetic basis for this 'amplifier phenotype' (Albertson, 2006) . Our data showed that the number of oncogenes amplified may differ in individual genomes. The variation existed across both general cancer classes and individual tissue types. In addition, amplification of the same genes in the different tumor types suggests that there may be a selective advantage to have certain genes or their related functions elevated in the context of cancer development and that amplifications are not simply byproducts of general genomic instability characteristic of late-stage tumors. It was also common for a sample to simultaneously harbor multiple amplicons on different chromosomes, highlighting the possibility of an underlying genetic basis for amplification development (Supplementary Figure 1 ). It has been proposed that amplifications are mainly related to solid tumors and are seldom involved in hematological malignancies in which oncogene activation is generally associated with translocations (Mitelman, 2000) . Indeed, only 11 known oncogenes were amplified in leukemia or lymphoma genomes in our data set, whereas 144 were amplified in epithelial cases (Supplementary Table 2 ). Similar results were observed in the number of amplicons in each genome (B10 per hematological, B36 in epithelial samples). These results suggest that subsets of cancers, such as the epithelial cancers, are driven by an amplifier phenotype, whereas others, typically hematological malignancies, develop mainly through different genetic mechanisms, such as chromosomal translocation.
Novel amplification hotspots are enriched for putative oncogenes Figure 1 indicates that regions of frequent copy number amplification are preferentially localized in genome. These results are similar to those found in a bibliomics survey, which looked across 73 different neoplasms using conventional CGH . However, in this study, we further refined the regions beyond the chromosome band level, determining the exact genes affected by these aberrations (Supplementary Table 6 ), identifying novel hotspots, such as the discrete amplicons on 14q.
There are two potential factors that may determine the localization of amplification hotspots. First, the selective pressure imposed on the tumor may lead to the selection of amplification of regions containing genes advantageous to tumor growth. Consistent with this theory, we observed a significant enrichment for genes involved in cellular functions and canonical pathways commonly involved in tumorigenesis within the amplification hotspots (Supplementary Tables 8-10 ). Many genes implicated in key biological processes, such as cell cycle and cell growth and proliferation contained within these regions that may be considered as novel candidate oncogenes. In addition, 27 of the top 100 genes within the hotspots have been previously described to be overexpressed in cancer further supporting their oncogenic role (Supplementary Table 7 ). Since the mechanism leading to the overexpression of the majority of these genes was previously unknown, our data suggest that amplification may be a key mechanism of their activation.
Second, the intrinsic features of the chromosome regions themselves may be involved in their preferential amplification (Wahl et al., 1984) . Mechanistic models, such as breakage-fusion-bridge and episome excision, imply that two double-stranded DNA breaks are required to initiate amplification generation . As such, it has been proposed that regions of the genome that are more susceptible to breakage have a greater propensity to undergo amplification, such as, fragile sites (Hellman et al., 2002; Buttel et al., 2004) . Conventional CGH studies indicated that many amplification hotspots colocalized with fragile sites, however, this association was not statistically significant on a genome-wide scale, presumably due to inadequate resolution (with chromosome band level comparison) as fragile sites and amplification hotspots covered 30 and 45% of the genome, respectively . Our analysis addressed this problem as the increased resolution of the platform used in this study allowed the refinement of amplification hotspots, limiting their coverage to B3% of the genome. However, although we observed a general trend of the colocalization of amplification hotspots and common fragile sites (Figure 1) , the global association was still not significant. We speculate that the cloning of fragile sites to determine their specific sequences is needed to complement our array CGH data to accurately assess their association. Nevertheless, there is a strong possibility that the hotspot regions represent damage-prone sites in the genome and further investigation in the future is warranted. Notably, in addition to fragile sites, other genomic features, such as copy number variations and segmental duplications, may also contribute to DNA rearrangement in cancer cells (Squire et al., 2003) .
Global impact of amplification on gene expression levels in NSCLC Although array CGH allows the fine mapping of amplification boundaries at unprecedented resolution, multiple genes may map to an individual amplicon. Therefore, integration of copy number and expression data is needed to distinguish overexpressed genes from bystander genes within amplicons. To accomplish this, we integrated parallel array CGH and expression data for a subset of 27 NSCLC cell lines. Aside from genes known to be activated by amplification in NSCLC, such as EGFR and MYC, our data suggest that the expression of oncogenes, including CDK4, MAFB, BCL11B and MET, is also driven by amplification (Figure 2 ). Since these genes are typically activated by translocation or missense mutation in malignancies other than NSCLC, these data further supports our hypothesis that amplification is an alternate mechanism of oncogene activation in a subset of cancers.
The integration of the data sets identified expressed genes within novel amplification hotspots in lung cancer that are potentially involved in tumorigenesis. For example, thyroid transcription factor 1 (TITF1) in the novel hotspot at 14q12-q13 is known to be overexpressed specifically in lung adenocarcinoma, the predominate subtype of NSCLC from which the 27 cell lines in our study were derived (Fabbro et al., 1996) . This gene encodes a homeodomain transcription factor that is involved in regulating pulmonary development and gene expression (Apergis et al., 1998) and has been proposed to be a lineage marker for tumors arising from the peripheral airway (Stenhouse et al., 2004) . Adenocarcinomas that express TITF1 are dependent on its persistent expression for survival (Tanaka et al., 2007) . Acquired somatic alteration of this gene during differentiation leads to aberrant lineage-survival pathway signaling. The resulting tumors become addicted to persistent expression of the gene for survival, known as 'lineage addiction' (Garraway and Sellers, 2006) . Our data suggests that amplification may be a mechanism driving the expression of linage-survival oncogenes in a subset of cancers and further supports a role for TITF1 in lung adenocarcinoma tumorigenesis (Figure 2 and Supplementary Figure 5) .
On a global scale, we found amplification had a strong impact on transcription levels as 50% of the genes from amplification hotspots within these samples showed enhanced expression as a consequence of alteration. This falls within observations of previous studies that reported 19.3-62% of amplified genes being overexpressed (Hyman et al., 2002; Pollack et al., 2002; Wolf et al., 2004; Heidenblad et al., 2005) . Nevertheless, since this is the first study to integrate high-resolution copy number and gene expression profiles in lung cancer on a whole-genome scale, future analysis will be needed to confirm the functional impact of the genes in each amplicon.
Novel disruptions of the EGFR-family-signaling pathway in NSCLC by gene amplification Our data indicate that multiple components of the EGFR-family-signaling pathway are frequently amplified and overexpressed in NSCLC (Figure 3 ). Deregulation of this network commonly occurs in cancer and specifically NSCLC. In NSCLC, the mechanism of deregulation is usually attributed to receptor overexpression or point mutations in the catalytic domain, resulting in ligand-independent constitutive receptor activation and signaling (Bublil and Yarden, 2007) . However, in cases with normal levels of wild-type receptor, aberrant constitutive signaling may also occur. Strikingly, our data suggest that amplification of downstream signaling components may be an alternate mechanism of pathway activation in a subset of tumors. Although alteration of this pathway was detected in 59% of the cell lines analysed, only 31% of these cases could be explained by EGFR activation. Indeed, the majority of cell lines with pathway perturbation (69%) contained amplification of key signaling components downstream of the receptor level (Figure 3) . The overexpression of these components was confirmed in NSCLC tumors, highlighting their clinical significance (Figure 4 and Supplementary Figures 3 and 4) . Although MYC amplification has been previously reported, this is the first study to describe the frequent amplification and overexpression of SHC1, AKT1 and CDK5 in NSCLC. Since these genes are involved in the activation of mitogenic-signaling pathways involved in EGFR-induced transformation and their overexpression has been previously implicated in cancer, these results suggest that their direct genetic activation may play a causal role in NSCLC tumorigenesis and highlights the impact of these novel amplifications on cancer biology (Hennessy et al., 2005) .
The direct amplification of downstream components may also have substantial effect on the response to clinical treatment strategies. The high frequency of EGFR family overexpression in cancer has led to the development of targeted therapeutics aimed at inhibiting receptor function. For example, anti-ErbB2 antibodies are currently used for breast cancer treatment and EGFRspecific tyrosine kinase inhibitors, such as Gefitinib and Erlotinib are used in NSCLC therapy (Bublil and Yarden, 2007) . The receptor-independent activation of downstream signaling components would impact the effectiveness of these treatment strategies as constitutive activation of signaling pathways would occur regardless of receptor inhibition. Previous studies have shown that downregulation of the AKT/PI3K signaling pathway is required for EGFR tyrosine kinase inhibitors to induce apoptosis in cancer cells (Hemstrom et al., 2006) . In addition, activated AKT/PI3K signaling due to MET amplification has been shown to lead to Gefitinib resistance in NSCLC cells (Engelman et al., 2007) Thus, the direct activation of AKT1 and CDK5 would lead to resistance in a NSCLC due to maintained AKT/PI3K signaling in the presence of inhibitor. Likewise, in a drugresistant NSCLC cell line, alterations of adaptor-proteinmediated signal transduction from EGFR, such as those initiated by SHC1, has been proposed as a possible mechanism of resistance to Gefitinib (Koizumi et al., 2005) . Our findings highlight the need to assess the activation status of downstream signaling components and suggest that amplification AKT1, SHC1, CDK5 and MYC may be used for this process.
Conclusion
Since alterations at the DNA level potentially represent causal events in the development of cancer, the genes deregulated as a result of amplification in NSCLC can be viewed as the primary oncogenic targets in a tumor that lead to downstream pathway abrogation. The gainof-function effect of gene amplifications makes them ideal targets for therapeutic intervention due to the direct nature of their activation and the fact that a tumor can become addicted to their enhanced expression (Weinstein, 2002) . Although cancer cell lines were used in this study, the genomic and transcriptional characteristics of such models have been shown to mirror primary tumors and are appropriate systems to identify molecular features that predict or indicate response to targeted therapies (Neve et al., 2006; Greshock et al., 2007) . Furthermore, validation of a subset of amplified genes in primary tumors confirmed their clinical importance. Future studies of additional primary tumors will be required to further validate the role of the hotspots in clinical specimens and confirm that they are not artifacts of in vitro culture. Our discovery of high incidence of amplification suggests that it is a major mechanism of oncogene activation in cancer and will provide essential starting points for the discovery of novel oncogenes.
Materials and methods
Whole-genome profiling DNA copy number profiles for 104 cancer cell lines of lung, breast, prostate, cervical, skin, ovarian, liver and hematological origins were used in this study (Supplementary Table 16 ). DNA was isolated by proteinase K digestion followed by phenol-chloroform extraction. Array hybridization was performed as previously described (Lockwood et al., 2007) , using SMRT array v.2 Watson et al., 2007) . Array images were analysed using SoftWoRx Tracker Spot Analysis software (Applied Precision, Issaquah, WA, USA). Systematic biases were removed using the stepwise normalization procedure CGH Norm (Khojasteh et al., 2005) . SeeGH software allowed visualization of log 2 ratio plots in karyograms . All raw array data files have been made publicly available through the System for Integrative Genomic Microarray Analysis (SIGMA), which can be accessed at http://sigma.bccrc.ca .
Gene expression profiling RNA samples from 27 NSCLC cell lines and normal human bronchial epithelial cells were analysed using the Affymetrix Gene Chips HG-U133A and HG-U133B (Henderson et al., 2005; Zhou et al., 2006) (Supplementary Table 16 ). These arrays together represent 23 583 unique genes based on Unigene build 173. The identity of these cell lines has been verified by DNA fingerprint, using the Powerplex 1.2 system (Promega). Data normalization and microarray analysis was performed using Affymetrix Microarray Suite 5.0 as described previously (Zhou et al., 2006) . The microarray data have been uploaded to GEO (Gene Expression Omnibus, accession number GSE-4824).
Statistical analysis of array data
Detailed methods describing the statistical analysis used for the identification of amplicons, amplification hotspots, amplification hotspots and fragile site colocalization, functional assessment of amplified genes and integration of genomic, and gene expression data are provided in Supplementary Methods.
Gene-specific quantitative real-time reverse transcriptase PCR analysis TaqMan gene expression assays (AKT1 (Hs00178289_m1), SHC1 (Hs00427539_m1), CDK5 (Hs00358991_g1) and 18 s rRNA (Hs99999901_s1) were performed using 100 ng of cDNA samples in a 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The DDC t method was used for expression quantification using the average cycle threshold of 18S rRNA for normalization and human lung total RNA (AM7968, Ambion, Austin, TX, USA) as a reference. For clinical samples, total RNA was isolated from 10 microdissected frozen lung adenocarcinoma and matched normal tissue obtained from Vancouver General Hospital using RNeasy Mini Kits (QIAGEN Inc., Mississauga, ON, USA) and 1 mg was converted to cDNA for gene-specific quantitative PCR for AKT1, SHC1, CDK5 and 18S rRNA. Cycle thresholds comparison yielded expression changes in the tumors. Because these genes were hypothesized to be overexpressed, owing to DNA amplification, a one-tailed Wilcoxon sign-rank test was used to determine whether overexpression was significant in the set of matched tumor and normal samples.
Fluorescence in situ hybridization Fluorescence in situ hybridization was performed as described previously . Briefly, 100 ng of linkermediated PCR-amplified BAC DNA was labeled through a random priming reaction with Spectrum Green or Red dUTP (Vysis, Markham, ON, USA). Hybridization was performed in a 50% formamide buffer at 37 1C for 18 h and imaged with Q Capture imaging software (Q Imaging, Burnaby, BC, USA).
